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BTB domain proteins <p>An analysis of the protein architecture, genomic distribution and sequence conservation of BTB domain proteins in 17 fully sequenced  eukaryotes reveals a high structural conservation and adaptation to different modes of self-association and interactions with non-BTB pro- teins.</p>
Abstract
Background: The BTB domain (also known as the POZ domain) is a versatile protein-protein
interaction motif that participates in a wide range of cellular functions, including transcriptional
regulation, cytoskeleton dynamics, ion channel assembly and gating, and targeting proteins for
ubiquitination. Several BTB domain structures have been experimentally determined, revealing a
highly conserved core structure.
Results: We surveyed the protein architecture, genomic distribution and sequence conservation
of BTB domain proteins in 17 fully sequenced eukaryotes. The BTB domain is typically found as a
single copy in proteins that contain only one or two other types of domain, and this defines the
BTB-zinc finger (BTB-ZF), BTB-BACK-kelch (BBK), voltage-gated potassium channel T1 (T1-Kv),
MATH-BTB, BTB-NPH3 and BTB-BACK-PHR (BBP) families of proteins, among others. In
contrast, the Skp1 and ElonginC proteins consist almost exclusively of the core BTB fold. There
are numerous lineage-specific expansions of BTB proteins, as seen by the relatively large number
of BTB-ZF and BBK proteins in vertebrates, MATH-BTB proteins in Caenorhabditis elegans, and
BTB-NPH3 proteins in Arabidopsis thaliana. Using the structural homology between Skp1 and the
PLZF BTB homodimer, we present a model of a BTB-Cul3 SCF-like E3 ubiquitin ligase complex that
shows that the BTB dimer or the T1 tetramer is compatible in this complex.
Conclusion: Despite widely divergent sequences, the BTB fold is structurally well conserved. The
fold has adapted to several different modes of self-association and interactions with non-BTB
proteins.
Background
The BTB domain (also known as the POZ domain) was origi-
nally identified as a conserved motif present in the Dro-
sophila melanogaster bric-à-brac, tramtrack and broad
complex transcription regulators and in many pox virus zinc
finger proteins [1-4]. A variety of functional roles have been
identified for the domain, including transcription repression
[5,6], cytoskeleton regulation [7-9], tetramerization and gat-
ing of ion channels [10,11] and protein ubiquitination/degra-
dation [12-17]. Recently, BTB proteins have been identified in
screens for interaction partners of the Cullin (Cul)3 Skp1-Cul-
lin-F-box (SCF)-like E3 ubiquitin ligase complex, with the
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BTB domain mediating recruitment of the substrate recogni-
tion modules to the Cul3 component of the SCF-like complex
[18-20]. In most of these functional classes, the BTB domain
acts as a protein-protein interaction module that is able to
both self-associate and interact with non-BTB proteins.
Several BTB structures have been determined by X-ray crys-
tallography, establishing the structural similarity between
different examples of the fold. We use the Structural Classifi-
cation of Proteins (SCOP) database terminology of 'fold' to
describe the set of BTB sequences that are known or predicted
to share a secondary structure arrangement and topology,
and the term 'family' to describe more highly related
sequences that are likely to be functionally similar [21]. Thus,
the BTB domain in BTB-zinc finger (ZF), Skp1, ElonginC and
voltage-gated potassium channel T1 (T1-Kv) proteins all con-
tain the BTB fold, even though some of these differ in their
peripheral secondary structure elements and are involved in
Comparison of structures containing the BTB fold Figure 1
Comparison of structures containing the BTB fold. (a) Superposition of the BTB core fold from currently known BTB structures. The BTB core fold 
(approximately 95 residues) is retained across four sequence families. The BTB-ZF, Skp1, ElonginC and T1 families are represented here by the domains 
from Protein Data Bank (PDB) structures 1buo:A, 1fqv:B, 1vcb:B, 1t1d:A. (b) Schematic of the BTB fold topology. The core elements of the BTB fold are 
labeled B1 to B3 for the three conserved β -strands, and A1 to A5 for the five α -helices. Many families of BTB proteins are of the 'long form', with an 
amino-terminal extension of α 1 and β 1. Skp1 proteins have two additional α -helices at the carboxyl terminus, labeled α 7 and α 8. The dashed line 
represents a segment of variable length that is often observed as strand β 5 in the long form of the domain, and as an α -helix in Skp1. (c) Structure-based 
multiple sequence alignment of representative BTB domains from each of the BTB-ZF, Skp1, ElonginC and T1 families. The core BTB fold is boxed. 
Secondary structure is indicated by red shading for α -helices and yellow for β -strands, with the amino- and carboxy-terminal extensions shaded in gray. 
The low complexity sequences, which are disordered in the Skp1 structures, are indicated by open triangles. See Figure 3 for the PDB codes for the 
corresponding sequences.
B1
B3
A2 A3
A4
A5
A1
B2
(b)
BTB-ZF
T1
Skp1
ElonginC
(c)
(a)
Hs.T1Kv4.3 
Ac.T1Kv1.1 
Sc.ElonginC 
Hs.ElonginC 
Sc.Skp1 
Hs.Skp1 
Hs.BCL6 
Hs.PLZF 
V LN S. RRFQTW RTTLERYPDTLLGSTEKEFF. FN. EDTK
ERVVI NVS. GLRFETQLKTLNQFPDTLLGNPQKRNRYYD. PLRN
MSQDFVTLVSKDDKEYEI SRSAAMI......S P T L K A M IE G P F R E S K
YVKLI SSDGHEFI VKREHALT......S G T IK A M L S G P .....
N V V L V S G E G E R F T V D K K IA E R ......S LLLKNYL........
P S IK L Q S S D G E IF E V D V E IA K Q ......S V T IK T M L E D L G ...M
SCI QFTRHASDVLLNLNRLRSRDI LTDVVI VVSR. EQFRAHKTVLMAC.....S G L F Y S IF T D Q L K R N L
MI QL QNP S H P T G L L C K A N Q M R L A G T L C D V V IM V .D S Q E F H A H R T V L A C T .....S K M F E IL F H R N ....S
Hs.T1Kv4.3 
Ac.T1Kv1.1 
Sc.ElonginC 
Hs.ElonginC 
Sc.Skp1 
Hs.Skp1 
Hs.BCL6 
Hs.PLZF 
E Y F F D R ...D PEVFRCVLNFYRTGKLHYP YEC SA YDDELAFYG I LPEI I G
CCYE
E Y F F D R ...N R P S F D A IL Y F Y Q S G G R L R R ................P V N V P L D V F SEEI KFYELG
GRI ELK. QFDSHI LEKAVEYLNYNLKYSGVSEDDDEI P....E F E IP .T E M S L E L L L A A D Y L S I
NEVNFRE. I PSHVLSKVCMYFTYKVRYTN. . . SSTEI P....E F P IA .P E IA L E L L M A A N F L D C
I V . VRSSVLQKVI EW AEHHRDSNF......P V D S W D R E F L K V D Q E Y E IIL A A N Y L N IK P L L D A
DPVPLPN. VNAAI LKKVI QW CTHHKDD.........IP V W D Q E F L K V D Q G T L F E L IL A A N Y L D IK G L L D V
S V IN L D P E IN P E G F N IL L D F M Y T S ...................R L N L R E G N IM A V M A T A M Y L Q M E H V V D T
Q H Y T L D F .L S P K T F Q Q IL E Y A Y TA ...................T L Q AKAEDLDDLLYAAEI LEI EYLEEQ
Hs.T1Kv4.3 
Ac.T1Kv1.1 
Sc.ElonginC 
Hs.ElonginC 
Sc.Skp1 
Hs.Skp1 
Hs.BCL6 
Hs.PLZF 
RENLE
GCKVVAE RGRSPEEI RRTFNI VNDFT. . PEEEAAI R
TCKTVANMI KGKTPEEI RKTFNI KNDFTEEEEAQVRKENQW C
CRKFI KAS
CLKMLETI Q
....... .. I R . ... ....
ENAFER
YREDEGF
D
YKDRK E .
PVPN M L M
I M
B1 B2
B3
A1 A2
A3 A4 A5
EL IV G
D
M
S
N
Chttp://genomebiology.com/2005/6/10/R82 Genome Biology 2005,     Volume 6, Issue 10, Article R82       Stogios et al. R82.3
c
o
m
m
e
n
t
r
e
v
i
e
w
s
r
e
p
o
r
t
s
r
e
f
e
r
e
e
d
 
r
e
s
e
a
r
c
h
d
e
p
o
s
i
t
e
d
 
r
e
s
e
a
r
c
h
i
n
t
e
r
a
c
t
i
o
n
s
i
n
f
o
r
m
a
t
i
o
n
Genome Biology 2005, 6:R82
different types of protein-protein associations. For example,
BTB domains from the BTB-ZF family contain an amino-ter-
minal extension and form homodimers [5,22], whereas the
Skp1 proteins contain a family-specific carboxy-terminal
extension and occur as single copies in heterotrimeric SCF
complexes [23-26]. The ElonginC proteins are also involved
in protein degradation pathways, although these proteins
consist only of the core BTB fold and are typically less than
20% identical to the Skp1 proteins [27,28]. Finally, T1
domains in T1-Kv proteins consist only of the core fold and
associate into homotetramers [11,29]. Thus, while the struc-
tures of BTB domains show good conservation in overall ter-
tiary structure, there is little sequence similarity between
members of different families. As a result, the BTB fold is a
versatile scaffold that participates in a variety of types of fam-
ily-specific protein-protein interactions.
Given the range of functions, structures and interactions
mediated by BTB domains, we undertook a survey of the
abundance, protein architecture, conservation and structure
Sequence conservation in BTB domains Figure 2
Sequence conservation in BTB domains. The most probable sequences (majority-rule consensus sequences) from each of seven different family-specific 
hidden Markov models (HMMs) were generated with HMMER hmmemit. Residue positions with a probability score (P(s)) of less than 0.6 are variable and 
are indicated by dots, residues with 0.6 < P(s) < 0.8 have intermediate levels of sequence conservation and are indicated by lower case letters, and 
residues with a P(s) > 0.8 are highly conserved and are indicated by capital letters. Gray shading indicates positions that are similar in at least four of the 
seven families shown, and selected 'signature sequences' that are particular to a specific family are boxed in blue. Gaps are indicated by blank spaces. 
Residue positions that are buried in the core of the BTB fold are indicated with black circles, and contact sites for four known protein-protein interaction 
surfaces are shown in the grid below the alignment. The secondary structure elements β 1, α 1, α 4, β 5, α 7 and α 8 occur only in some of the families, and 
are discussed in the text. Additional Data File 1 includes multiple sequence alignments for these families.
dimerization
tetramerization
cullin contacts
f-box contacts
dimerization
tetramerization
cullin contacts
f-box contacts
dimerization
tetramerization
cullin contacts
f-box contacts
B1 B2
B3
A1 A2
A3 A4
A5
math-btb
btb-nph3
t1
elongin c
skp1
bbk
btb-zf
. . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . . . . . . . . . . . . . . . . . . . . . . . . D . . . . v . . . . v . . . . v . . . . v . . . . . . f . v . . . . . . f . v . . . . . . f . v . . . . . . f . v . . . . . . f . v . . . . . . f . v . . . . . . f . v . . . . . . f . v . k ..L a . . S . . S . ....... .
. D . . . . v . . . . v . . . . v . . . . v . d . d . . . . F . . . . F . . . . F . . . . F .l L l ks . l ............
. . . . . N . . . . . N . . . . . N . . . . . N . . . . . N v g v g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . P . . . P . . . P .t.l ... . . . . D . . . . . D . . . . . D . . . . . D . . . . . D .
...k l.s . s . d . . . . f . . . . . f . . . . . f . . . . . f . . . . . f . . e .... - ..... s g ....
....l.s . . G . . G .....v d ..ia .. .. - . . . k - . . . k - . . . k - . . . k . . l . . l . . l ...
. . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l . . . . . . . . . . . . . . . . . . . l r....L c D v. l . . . . . . . . . a . . . . . . . . a . . . . . . . . a . . . . . . . . a . . . . . . . . a . . . . . . . . a . . . . . . . . a . . . . . . . . a . . . . . . . . a .v L a . L a . . . Y F . F . am t
........h ...l ..L n . L n . q R q R q R q R ..g .lC D v . . . v . . . v . . . v . . . . . . f . A . . . . . . f . A . . . . . . f . A . . . . . . f . A . . . . . . f . A . . . . . . f . A . . . . . . f . A . . . . . . f . A H . .V L a a L a a . .. ...f.
k r
. F
-- ---
-- ---
-- --- -
-- --- -
-----
-----
g
. .
g
...
.
-
l
.. --- -
--- -
-- - - -
- .. -
math-btb
btb-nph3
t1
elongin c
skp1
bbk
btb-zf
......d -.. . . . f . . . . . f . . . . . f . . . . . f . . . . . f . . . l . . l . . ....... . l . . l . . a . .. .
...l..f P G G . . . F . . . F . . . F E l . a k F . .... N . . r . r a a . a a . L e M .
e. f f D f f D r . P . . F . . F ..i l . f Y . f Y . . G . . G . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k . . . . . . . . . . . . . . . . . . k l......c . . . F . . . F . . . F ..E . ..w g w g w g ..
.. f . . p . . v . . v . . v l . k . C k . C . . . . y y . y . y . y . y ....s s ..i .....-p .a . l . . l . . . l .
. . . P . . P . P n- v. . . . l . . . . l . . . . l . . . . l . k v i k v i . . . hh. d . . . d. ef l kvdq. . l . . i l a a n y a a n y a a n y a a n y a a n y a a n y a a n y l . i
.
.......g .......... . . . Y . . . . Y . . . . Y . . . . Y t ....v ...L . a A . . l . . l q.
....l.. . f . Y . f . Y t. l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. ..L . -
v . . . . . . .
.. . - -
.. . . - -
. -----
. . . . --
. -----
----
i
. . . . . f . . . . . . . . f . . . . . . . . f . . . . . . . . f . . . . . . . . f . . . . . . . . f . . . . . . . . f . . . . . . . . f . . . -
- .. .
-- -
. ..
-- - - - -- - - -- - - - - -- - - .
l -- - - - -- - - -- - - - -- - - - ..
.
. . . . . . . . . p ---- - -
-- - - .. .
e
..
--- - -- - - -- - - - - -- - - .... ..
--- - -- - - -- - - - - - .... --- -- -
..
.
y
-
..
k
-
.
- -
-
-
..
--
.
lld . . C . . C . . C . . C k
...C .
...C ..
math-btb
btb-nph3
t1
elongin c
skp1
bbk
btb-zf
..l...
......
.v a ..i. G . . P . . P e e ir.tfn i.n d ft.eeea. . r . wc
f L ....
. . . . .... .
v
... .
....c
.
...
--- - -- - - - - - --
..
. ...... ... .. .
e.
..
..
..
D .D
D D
D
D
v
v .v
v .v
v .v
v v
f f
F F
f .f
f f
H
N
C
H
H
r r
kr k
k k
K K
L
L
L
L
S
s
s
s
G G
F P S
P
Y .Y
g
D .D
P
E
P
D
P .P
P fP G G
P .P
f .f
F .F
F .F
l
l .l
.f .
C .C
F
f
f f
Y
Y
Y
Y
C G
G
y. P
W W
N
F
l .
i
L
l .
C
E
a a a a
A A
A
a
a aa
w
l
l
l .l
L
L
w w
y
M
C C
L fL
G
S
F.
F
l .l
F .F
F
E
L
i vi
l .
a .a
l il
W W
R R L L
G P .P
Pairwise sequence and structure comparisons of BTB structures Figure 3
Pairwise sequence and structure comparisons of BTB structures. Cells 
contain the percentage identity and root mean square deviation (Å) value 
for each structure pair. Representative structures from the Protein Data 
Bank are labeled as follows: a1buo:A and 1cs3:A; b1nex:a; c1ldk:D, 1p22:b, 
1fqv:B, 1fs1:B, 1fs2:B; d1hv2:a; e1vcb:B, 1lm8:C, 1lqb:B; f1a68:_, 1eod:A, 
1eoe:A, 1eof:A, 1t1d:A, 1exb:E (rat Kv1.1); g1s1g:A; h1r28:A, 1r29:A, 
1r2b:A. The T1 domains from Kv1.2, Kv3.1 and Kv4.2 were omitted for 
clarity. El.C, ElonginC. Ac, Aplysia californica; Hs, Homo sapiens; Sc, 
Saccharomyces cerevisiae.
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of this fold. An earlier study [30] is consistent with many of
the results presented here, and we contribute an expanded
structure and genome-centric analysis of BTB domain pro-
teins, with an emphasis on the scope of protein-protein inter-
actions in these proteins. Our results should be useful for the
structural and functional prediction by analogy for some of
the less-well characterized BTB domain families.
Results and discussion
BTB fold comparisons
We began our analysis with a comparison of the solved struc-
tures of BTB domains from the Protein Data Bank (PDB) [31],
which included examples from BTB-ZF proteins, Skp1, Elong-
inC and T1 domains (Figures 1, 2, 3). A three-dimensional
superposition showed a common region of approximately 95
amino acids consisting of a cluster of 5 α -helices made up in
part of two α -helical hairpins (A1/A2 and A4/A5), and capped
at one end by a short solvent-exposed three stranded β -sheet
(B1/B2/B3; Figure 1). An additional hairpin-like motif con-
sisting of A3 and an extended region links the B1/B2/A1/A2/
B3 and A4/A5 segments of the fold. Because of the presence
or absence of secondary structural elements in certain exam-
ples of the fold, we use the designation A1–A5 for the five con-
served α -helices, and B1–B3 for the three common β -strands.
We refer to this structure as the core BTB fold. When present,
other secondary structure elements are named according to
the labels assigned to the original structures. Thus, the BTB-
ZF family members the promyelocytic leukemia zinc finger
(PLZF) and B-cell lymphoma 6 (BCL6) contain additional
amino-terminal elements, which are referred to as β 1 and α 1,
Skp1 protein contains two additional carboxy-terminal heli-
ces labeled α 7 and α 8, ElonginC is missing the A5 terminal
h e l i x ,  a n d  t h e  T 1  s t r u c t u r e s  f r o m  K v  p r o t e i n s  a r e  f o r m e d
entirely of the core BTB fold (Figures 1 and 2). Sequence com-
parisons based on the structure superpositions show less than
10% identity between examples from different families,
except for Skp1 and ElonginC, which is in the range of 14% to
22%; however, all structures show remarkable conservation
with Root mean square deviation (RMSD) values of 1.0 to 2.0
Å over at least 95 residues (Figure 3). Despite these very low
levels of sequence relatedness, 15 positions show significant
conservation across all of the structures, and 12 of these cor-
respond to residues that are buried in the monomer core (Fig-
ure 2). Most of these highly conserved residues are
hydrophobic and are found between B1 and A3, with some
examples in A4. In addition to this common set, conserved
residues are also found within specific families (Figure 2),
and some of these participate in family-specific protein-pro-
tein interactions.
The four known structural classes of BTB domains show dif-
ferent oligomerization or protein-protein interaction states
involving different surface-exposed residues (Figures 2 and
4). There is little overlap between the interaction surfaces of
the homodimeric, heteromeric and homotetrameric forms of
the domain, which are represented here by examples from the
BTB-ZF, Skp1/ElonginC and T1 families, respectively. Con-
tacts involving the amino-terminal extensions of the BTB-ZF
class and the carboxy-terminal elements of the Skp1 families
form a significant fraction of the residues involved in protein-
protein interaction in each of those respective systems, but
additional contributions from the 95 residue core BTB fold
are involved. There are multiple examples of conserved sur-
face-exposed residues that participate in family-specific pro-
tein-protein interactions. For example, the B1/B2/B3 sheet is
found in all BTB structures and, therefore, is part of the core
BTB fold, but participates in very different protein interac-
tions in the T1 homotetramers, the ElonginC/ElonginB and
Skp1-Cul1 structures. Inspection of T1 residues in this area
shows sequences such as the 'FFDR' motif in B3 have
diverged from the other BTB families to become important
components of the tetramerization interface [29] (Figure 2).
In Skp1, B3 has a distinctive 'PxPN' motif that is involved in
Cul1 interactions [24] (Figure 2). Thus, the solvent-exposed
surface of the BTB fold is extremely variable between fami-
lies, forming the basis for the wide range of protein-protein
interactions.
The connection between A3 and A4 (drawn as a dashed line in
Figure 1b) is variable in length and in structure, and makes
key contributions to several different types of protein-protein
interactions. The region adopts an extended loop structure in
the T1 domain and ElonginC, where it makes important con-
tributions to the homotetramerization and to the von Hippel-
Lindau (VHL) interfaces, respectively (Figure 4). In PLZF and
BCL6, this segment forms strand β 5 and associates with β 1
from the partner chain to form a two-stranded antiparallel
sheet at the 'floor' of the homodimer [5,22]. In Skp1, this
region includes a large disordered segment followed by a
unique helix α 4, but it is not involved in any protein-protein
interactions [23-26].
Protein-protein interaction surfaces in BTB domains Figure 4 (see following page)
Protein-protein interaction surfaces in BTB domains. Left column: the BTB monomer is shown in the same orientation for each of four structural families 
with the core fold in black, and the amino- and carboxy-terminal extensions in blue. Middle column: the monomers are shown with the protein-protein 
interaction surfaces shaded. Right column: the monomers are shown in their protein complexes.http://genomebiology.com/2005/6/10/R82 Genome Biology 2005,     Volume 6, Issue 10, Article R82       Stogios et al. R82.5
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Figure 4 (see legend on previous page)
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Representation of BTB domains in fully sequenced 
genomes
We searched the Ensembl and Uniprot databases for BTB
proteins [32,33]. In order to effectively eliminate redundant
sequences and partial fragments, and to reduce sampling bias
due to uneven database representation, we limited our search
to the known and predicted transcripts from 17 fully
sequenced genomes. We carried out HMMER [34] searches
with a panel of hidden Markov models (HMMs) describing
the four known families of BTB structures. As expected from
the low sequence similarities, searches with family-specific
HMMs could not retrieve sequences from the other families
in a single iteration. For example, the HMM trained on the
BTB domains from BTB-ZF proteins could not immediately
retrieve sequences from T1-Kv proteins. Additional
sequences were added to each of the family-specific HMMs in
several cycles, and the results were compiled into final multi-
ple sequence alignments. The retrieved sequences were man-
ually inspected and class-specific HMMs were used to define
the start/end sites of specific families of BTB domains. We
have assembled this collection of over 2,200 non-redundant
BTB domain sequences in a publicly available database [35].
In addition to the genome-centric analyses, we searched the
NCBI nr database with PSI-BLAST [36,37]. Beginning with
the sequence of the BTB domain from the BTB-ZF protein
PLZF, T1 sequences were retrieved with e-values below 10
after four PSI-BLAST iterations carried out with a generous
inclusion threshold of 0.1, as previously reported [30]. Skp1
and ElonginC sequences could not be retrieved with e-values
below 10 starting with BTB-ZF or T1 sequences, even with a
PSI-BLAST inclusion threshold of 1.0. Based on searches with
representative BTB sequences from each of the major fami-
lies, BTB sequences were consistently retrieved from eukary-
otes and poxviruses, but no examples from bacteria or
archaea were found (data not shown), with the remarkable
exception of 43 BTB-leucine-rich repeat proteins in the
Parachlamydia-related endosymbiont UWE25 [38]. In gen-
eral, plant and animal genomes encode from 70 to 200 dis-
tinct BTB domain proteins, while only a handful of examples
are found in the unicellular eukaryotes. We identified an
intermediate number, 41, in the social amoeba Dictyostelium
discoideum [39] (Figure 5).
The distribution of BTB families varies widely according to
species (Figure 5). The overall number of BTB domain
proteins and their family distribution is similar in the mam-
malian and fish genomes that we considered, with 25 to 50
examples from each of the BTB-ZF, BTB-BACK-kelch (BBK)
and T1-Kv families, and another 40 to 50 proteins with other
a r c h i t e c t u r e s .  W e  e x p e c t  t h a t  t h i s  d i s t r i b u t i o n  i s  s i m i l a r
across all vertebrate genomes. The family distribution in the
insects (as exemplified by Drosophila and Anopheles) is gen-
erally similar to that of the vertebrates, but with fewer overall
examples. In contrast, Caenorhabditis elegans contains very
few BTB-ZF and BBK proteins, but a large number of meprin
and tumor necrosis factor receptor associated factor homol-
ogy (MATH)-BTB and Skp1 proteins. In Arabidopsis, there
are 21 BTB-nonphototropic hypocotyl (NPH)3 proteins,
which appear to be a plant-specific architecture. Only five and
six BTB domain proteins were found in Saccharomyces cere-
visiae and Schizosaccharomyces pombe, respectively.
Based on these observations, the domain most likely under-
went domain shuffling followed by lineage-specific expansion
(LSE) during speciation events. The most commonly
observed architecture across several different families con-
sists of a single amino-terminal BTB domain, a middle linker
region, and a characteristic carboxy-terminal domain that is
often present as a set of tandem repeats (Figure 6). Along with
domain shuffling and domain accretion, LSE is considered
one of the major mechanisms of adaptation and generation of
novel protein functions in eukaryotes, and is frequently seen
in proteins involved in cellular differentiation and in the
development of multicellular organisms [40]. For example,
both BTB-ZF proteins and Kruppel-associated box (KRAB)-
ZF proteins have essential roles in development and tissue
differentiation and have undergone LSE in the vertebrate lin-
eage [30,41,42].
BTB sequence clusters
We attempted to construct a phylogeny based on BTB domain
sequences, but we could not consistently cluster the entire
collection. Due to the very low levels of sequence similarity
between some of the families (Figure 3), we were unable to
support phylogenies with significant bootstrap values despite
many attempts with several different approaches and algo-
rithms, including distance, maximum parsimony or maxi-
mum likelihood methods.
We eventually turned to BLASTCLUST as a more appropriate
tool to subdivide this highly divergent set of sequences [37]
(Figure 6). BTB domain sequence/structure families corre-
late with the protein architectures, and the BTB-NPH3, T1,
Skp1 and ElonginC families could be distinguished at an iden-
tity threshold of 30% with this method. Domain sequences
from BTB-ZF, BBK, MATH-BTB and RhoBTB proteins
formed distinct clusters only at higher cutoffs, and are thus
more closely related (Figure 6). The BTB domain sequences
from vertebrate BTB-ZF and BBK proteins are more closely
related, and cannot be separated by BLASTCLUST.
Long form of the BTB domain
The majority of BTB domains from the BTB-ZF, BBK, MATH-
BTB, RhoBTB and BTB-basic leucine Zipper (bZip) proteins
contain a conserved region amino-terminal to the core region,
which likely forms a β 1 and α 1 structure as seen in PLZF
[22,43] and BCL6 [5]. We refer to this as the 'long form' of the
BTB domain, which has a total size of approximately 120 res-
idues. Note that many of the protein domain databases, such
as Pfam [44], SMART [45] and Interpro [46], recognize only
the 95 residue core BTB fold, and do not detect all of thesehttp://genomebiology.com/2005/6/10/R82 Genome Biology 2005,     Volume 6, Issue 10, Article R82       Stogios et al. R82.7
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Figure 5 (see legend on next page)
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additional elements, even though at least half of the metazoan
BTB domains correspond to the long form. The long form
BTB domain sequences also are more highly related to each
other than to the BTB-NPH3, T1, Skp1 and ElonginC families,
as based on the BLASTCLUST analysis (Figure 6). These
groupings were consistently observed even when only the res-
idues from the core fold were included in the analysis, and so
the sequence clustering is not simply due to the presence or
absence of the amino-terminal elements. We predict that
most long form BTB domains are dimeric, and that several of
Distribution of BTB proteins in eukarytoic genomes Figure 5 (see previous page)
Distribution of BTB proteins in eukarytoic genomes. (a) Representation of BTB proteins in selected sequenced genomes. Twelve of the seventeen 
genomes we searched are represented, showing each type of BTB protein architecture as bar segments. Data for Apis mellifera, Canis familiaris, Gallus gallus, 
Pan troglodytes and Xenopus tropicalis are available at [35]. Several lineage-specific expansions are evident: BTB-ZF and BBK proteins in the vertebrates; the 
MATH-BTB proteins in the worm; the BTB-NPH3 proteins in the plant; the Skp1 proteins in the plant and worm; and the T1 proteins in worm and 
vertebrates. In the Dictyostellium discoideum genome, a single star indicates five BTB-kelch proteins that do not contain the BACK domain, and a double star 
indicates two MATH-BTB proteins that also contain ankyrin repeats. (b) Phylogenetic relationship of analyzed genomes. Adapted from [39]. The total 
number of BTB proteins is shown above each genome.
BTB sequence clusters and protein architectures Figure 6
BTB sequence clusters and protein architectures. Family-specific amino- and carboxy-terminal extensions to the core BTB fold are indicated. Regions with 
no predicted secondary structure are indicated by dashed lines, and ordered regions are indicated with either domain notations or thick solid lines. The 
Uniprot code for a representative protein is indicated. Clustering by BLASTCLUST was based on the average pairwise sequence identity for all BTB 
domain sequences from our database, except for the RhoBTB proteins, where only the carboxy-terminal BTB domain was used. Domain names are from 
Pfam [44].
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these associate into higher order assemblies via inter-dimer
sheets involving β 1, as discussed below.
The BTB-ZF proteins
BTB-ZF proteins are also known as the POK (POZ and Krüp-
pel zinc finger) proteins [47]. Many members of this large
family have been characterized as important transcriptional
factors, and several are implicated in development and can-
cer, most notably BCL6 [48,49], leukemia/lymphoma related
factor (LRF)/Pokemon [47], PLZF [50], hypermethylated in
cancer (HIC)1 [51,52] and Myc interacting zinc finger (MIZ)1
[53].
In the BTB-ZF setting, the domain mediates dimerization, as
shown by crystallographic studies of the BTB domains of
PLZF [22] and BCL6 [5]. This is confirmed in numerous solu-
tion studies [5,22,43,54-56]. An important component of the
hydrophobic dimerization interface in PLZF and BCL6 is the
association of the long form elements β 1 and α 1 from one
monomer with the core structure of the second monomer.
The dimerization interface has two components: an inter-
molecular antiparallel β -sheet formed between β 1 from one
monomer and β 5 of the other monomer; and the packing of α 1
from one monomer against α 1 and the A1/A2 helical hairpin
from the other monomer. The strand-exchanged amino ter-
minus is likely to have arisen from a domain swapping mech-
anism [57]. We believe that most BTB domains from human
BTB-ZF proteins can dimerize, because 34 of these 43
domains are predicted to contain all of the necessary struc-
tural elements in the swapped interface including β 1, α 1 and
β 5 (Additional data file 1). As well, many highly conserved
residues are found in predicted dimer interface positions
[22]. Nine human BTB-ZF proteins lack β 1, and thus cannot
form the β 1–β 5 interchain antiparallel sheet, and we expect
that these domains are also dimeric due to the presence of α 1
and the conservation of interface residues. In PLZF and
BCL6, the BTB domain forms obligate homodimers [5,22],
and disruption of the dimer interface results in unfoldfed,
non-functional protein [6].
In nearly all BTB-ZF proteins, the long form BTB domain is at
or very near the amino terminus of the protein, and the Krüp-
pel-type C2H2 zinc fingers are found towards the carboxyl ter-
minus of the protein. These two regions are connected by a
long (100–375 residue) linker segment (Figure 6). Sequence
conservation is largely restricted to the BTB domain and the
carboxy-terminal ZF region, as exemplified by BCL6 from
human and zebrafish, which are 78%, 37% and 85% identical
across the BTB, linker and ZF regions, respectively. The linker
region frequently contains low complexity sequence and is
predicted to be unstructured in most cases. Except for pro-
teins that are highly related over their full lengths, the linker
regions do not identify significant matches in sequence
searches of the NCBI nr set. This architecture suggests a
model in which the dimeric BTB domain connects the DNA
binding regions from each chain via long, mostly unstruc-
tured tethers. Thus, we expect that the DNA binding ZF
domains can bind two promoter sites, but that the exact spac-
ing and orientation of these sites is not critical, as long as they
are within a certain limiting distance. The linker is not with-
out function, however, as it interacts with accessory proteins
that take part in chromatin remodeling and transcription
repression, such as the BCL6-mSin3A and PLZF-ETO inter-
actions [6,58].
The BTB domains from some BTB-ZF proteins can mediate
higher order self-association [59-62], and the formation of
BTB oligomers in the BTB-ZF proteins has important impli-
cations for the recognition of multiple recognition sequences
on target genes. In Drosophila GAGA factor (GAF), oligomer-
ization of BTB transcription factors is thought to be mecha-
nistically important in regulating the transcriptional activity
of chromatin [61,62], and the BTB domain is essential in co-
operative binding to DNA sites containing multiple GA target
sites [62]. Several other BTB transcription factors also bind to
multiple sites [52,60,63]. The formation of chains of BTB
dimers involving the β 1/β 5 'lower sheet' has been observed in
two different crystal forms of the PLZF BTB domain [22,43],
although the significance of this is unclear as BTB dimer-
dimer associations are very weak and are not observed in
solution under normal conditions (unpublished results and
[43]). Higher-order association could be a property of a sub-
set of BTB domains, with GAF-BTB representing domains
that have a strong propensity for polymerization, whereas in
cases such as PLZF-BTB, the self-association of dimers is
observed only at very high local protein concentrations, such
as those required for crystal formation. Interestingly, many
Drosophila  BTB domains have characteristic hydrophobic
sequences in the β 1 and β 5 regions [1]. In many of these, the
β 1 region contains at least three large, hydrophobic residues
in a characteristic [FY]×[ILV]×[WY][DN][DN][FHWY]
sequence that is not present in BTB-ZF proteins from other
species. This conserved segment has high β -strand propen-
sity, consistent with the presence of interchain β 1 contacts
across dimers. Exposed hydrophobic residues in this sheet
region may drive strong dimer-dimer associations in these
Drosophila BTB-ZF proteins, an idea that is supported by
modeling studies [64].
Heteromeric BTB-BTB associations have been described
between certain pairs of BTB domains from this family,
including PLZF and Fanconi anemia zinc finger (FAZF) [65],
and between BCL6 and BCL6 associated zinc finger (BAZF)
[66]. Heteromer formation in BTB transcription factors may
be a mechanism for targeting these proteins to particular reg-
ulatory elements by combining different chain-associated
DNA binding domains in order to generate distinct DNA rec-
ognition specificities [67], as seen in retinoic acid receptor/
retinoid X receptor transcription factors [68].
In addition to the architectural roles resulting from BTB-BTB
associations, many BTB domains in this family interact withR82.10 Genome Biology 2005,     Volume 6, Issue 10, Article R82       Stogios et al. http://genomebiology.com/2005/6/10/R82
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non-BTB proteins, and this effect is central to their function
in transcriptional regulation. For example, BCL6 is able to
associate directly with nuclear co-repressor proteins such as
nuclear co-repressor (NCoR), silencing mediator for retinoid
and thyroid hormone receptors (SMRT) and mSin3a
[5,58,69-73]. A 17 residue region of the SMRT co-repressor
binds directly with the BCL6 BTB domain in a 2:2 stoichio-
metric ratio in a complex that requires a BCL6 BTB dimer [5].
This peptide is an inhibitor of full-length SMRT, and reverses
the repressive activities of BCL6 in vivo [48]. Remarkably,
the interaction with this peptide appears to be specific to the
BCL6 BTB domain, and there is no significant sequence con-
servation in the BCL6 peptide binding groove relative to other
human BTB-ZF proteins. In these other proteins, this groove
may be a site for as yet uncharacterized BTB-peptide or BTB-
protein interactions.
In all organisms studied, BTB domains from BTB-ZF proteins
show high conservation of the residues Asp35 and Arg/Lys49
(PLZF numbering; Additional data file 1). These residues are
found in a 'charged pocket' in the BTB structures of PLZF and
BCL6, and have been shown to be important in transcrip-
tional repression [6,74]. The structure of the BCL6-BTB-
SMRT co-repressor complex, however, did not show
interactions between this region and the co-repressor [5].
Mutation of Asp35 and Arg49 disrupts the proper folding of
PLZF [6], and these residues are thus important for the struc-
tural integrity of the domain. Interestingly, Asp35 and Arg/
Lys49 are also conserved in the BTB domains from BBK,
MATH-BTB and BTB-NPH3 proteins (Figure 2 and Addi-
tional data file 1).
The BBK proteins
Many members of this widely represented family of proteins
are implicated in the stability and dynamics of actin filaments
[75-78]. With few exceptions, all of the 515 BTB-kelch
proteins in our database also contain the BTB and carboxy-
terminal kelch (BACK) domain. These BBK proteins are com-
posed of a long-form BTB domain, the 130 residue BACK
domain [79], and a carboxy-terminal region containing four
t o  s e v e n  k e l c h  m o t i f s  [ 8 0 - 8 2 ] .  M o s t  B B K  p r o t e i n s  h a v e  a
region of approximately 25 residues that precede the BTB
domain, unlike BTB-ZF proteins where BTB is positioned
much closer to the amino terminus (Figure 6; Additional data
file 1). We predict that this amino-terminal region in the BBK
proteins is unstructured, although it is shown to have a func-
tional role in some proteins [75]. Notably, the distribution of
BBK proteins parallels that of the BTB-ZF proteins across
genomes. We did not find BBK proteins in Arabidopsis thal-
iana or in the yeasts.
The sequences of BTB domains from BBK proteins are most
closely related to those from BTB-ZF proteins (Figure 6), sug-
gesting that they adopt similar structures. Indeed, BTB
domains from BBK proteins have been shown to mediate
dimerization [75,83,84] and have conserved residues at posi-
tions equivalent to those at the dimer interface in BTB-ZF
proteins (Additional data file 1). There are reports of BTB-
mediated oligomerization in BBK proteins, consistent with
the role of some these proteins as organizers of actin fila-
ments [75,77,84]. Because most of the BTB sequences from
BBK proteins are predicted to contain the β 1, α 1 and β 5 long
form elements, oligomerization of these proteins may occur
via dimer-dimer associations involving the β 1 sheet, as pro-
posed for the BTB-ZF proteins. There are, however, no
strongly characteristic sequences or enrichment of hydropho-
bic residues in the β 1 region.
In Pfam, the POZ domain superfamily (Pfam Clan CL0033)
includes BACK, BTB, Skp1 and K_tetra (T1) sequences [44].
The known structures of BTB, Skp1 and T1 domains show the
conserved BTB fold, and the inclusion of the BACK domain in
this Pfam Clan suggests that the BACK domain also adopts
this fold. Secondary structure predictions for BTB, Skp1 or T1
domain sequences, however, consistently reflect the known
mixed  α /β  content of the BTB fold, whereas the BACK
domain is predicted to contain only α -helices [79]. Further
clarification of this issue will require the experimental deter-
mination of the structure of the BACK domain.
Skp1
Skp1 is a critical component of Cul1-based SCF complex, and
forms the structural link between Cul1 and substrate recogni-
tion proteins [85-87]. Skp1 proteins are only distantly related
to other BTB families (Figures 3 and 6), and are composed of
the core BTB fold with two additional carboxy-terminal heli-
ces. These latter helices form the critical binding surface for
the F-box region of substrate-recognition proteins. Many
Skp1 sequences have low complexity insertions after A3,
which are disordered in several crystal structures, followed by
helix α 4, which is unique to this family [23-26] (Figures 1 and
2). Skp1 proteins are found in all organisms studied, with sig-
nificant expansions in C. elegans and A. thaliana (Figure 5).
Interestingly, the Cul1-interacting surface of Skp1 does not
overlap with the dimerization surface seen in BTB-ZF struc-
tures, and is mostly separate from the tetramerization surface
in the T1 domains (Figure 2; Additional data file 1). Therefore,
a unique surface of the BTB fold in the Skp1 proteins has
adapted to mediate interactions with Cul1.
ElonginC
ElonginC is an essential component of Cul2-based SCF-like
complexes, also known as VCB (for pVHL, ElonginC, Elong-
inB) or ECS (for ElonginC, Cul2, SOCS-box) E3 ligase
[88,89]. This protein serves as an adaptor between ElonginB
and the VHL tumor suppressor protein, which interacts with
hypoxia inducible factor (HIF)-1α  and targets it for degrada-
tion [89-92]. In any given organism, the sequence identity
between ElonginC and Skp1 is approximately 30% or less, but
these proteins are nonetheless more closely related to each
other than to other BTB sequences (Figure 3). The structure
of ElonginC showed that it is composed entirely of the corehttp://genomebiology.com/2005/6/10/R82 Genome Biology 2005,     Volume 6, Issue 10, Article R82       Stogios et al. R82.11
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BTB fold, but lacks the terminal A5 helix [27,28,93,94]. We
found ElonginC proteins in all organisms studied (Figure 5).
Like Skp1, ElonginC is significantly similar to other BTB
sequence classes only in the buried positions of the monomer
core (Figure 2). A β -strand in the A3/A4 connecting region
participates in the ElonginC-VHL interaction, and the
sequence in this region is characteristic of ElonginC [28].
The T1 domain in Kv channels
The T1 domain from voltage-gated potassium channels mod-
ulates channel gating and assembly [10,29,95]. This domain
is a distant homolog to all other BTB domains, and segregates
into a unique cluster at less than 30% sequence identity with
BLASTCLUST. The T1 domain is found in a large number of
voltage-gated potassium channel proteins in all metazoan
genomes surveyed (Figure 5). T1 sequences have been classi-
fied according to their sequence similarity into nine Kv
families (Kv1 through Kv9) [96,97]. The full-length protein
sequences are composed of a disordered amino-terminal
region, the T1 domain, a transmembrane ion transduction
domain (Pfam PF00520), and a long carboxy-terminal region
with some predicted secondary structure (Figure 6).
Structurally, the T1 domain is composed of the core BTB fold
without any amino- or carboxy-terminal extensions (Figures
1 and 2; Additional data file 1). The T1 domain mediates
homo-tetramerization in numerous crystal structures
[11,29,98,99]. Despite the very low levels of sequence similar-
ity to the other BTB domain families, several of the character-
istic buried residues are conserved (Figure 2). It is striking
that most of the residues found in the polar tetramerization
contact surface in the T1 structures do not overlap with those
residues involved in dimerization in the BTB-ZF structures.
Of the 24 residues that are found in the T1 tetramer surface,
only 6 are common to the BTB-ZF dimer interface (Figure 2).
Thus, a unique set of residues has evolved in the T1 domain to
mediate tetramerization.
The MATH-BTB proteins
A large expansion of MATH-BTB proteins occurred in C. ele-
gans, where 46 of 178 total BTB proteins belong to this family,
whereas other genomes contain many fewer of these proteins
(Figure 5). MATH proteins as a whole are largely expanded in
C. elegans, with 95 examples present in the Pfam database
[44]. The MATH domain is thought to be a substrate recogni-
tion module in Cul3-based SCF-like complexes [15,16].
MATH-BTB proteins differ from most other BTB families in
that the BTB domain is found carboxy-terminal to the partner
domain. Typically, there are an additional 75 to 100 amino
acids following the BTB domain that are likely to be struc-
tured and rich in α -helices (Additional data file 1). In contrast
to the BTB-ZF proteins, but similar to the BBK proteins,
MATH-BTB sequences are highly conserved across the full
lengths of the proteins. As a result of this conservation, phyl-
ogenetic clustering of the full-length protein sequences can be
done with reasonable bootstrap values and shows a clear
demarcation between proteins from C. elegans and those
from all other species (data not shown). The domain in the C.
elegans proteins lacks several BTB signature sequences, such
as the 'AH[RK]XVLAA' signature in the B2-A1 region seen in
many other long form BTB families (Figure 2). The majority
of MATH-BTB proteins from all organisms are predicted to
contain the long form elements β 1, α 1 and β 5 (Additional data
file 1) and we predict that these BTB domains are dimeric.
Indeed, biochemical and biological evidence suggest that
BTB-mediated dimerization of the MATH-BTB protein
maternal effect lethal (MEL)-26 is required for its function
[15,100].
The BTB-NPH3 proteins
Another large expansion is found in Arabidopsis, which con-
tains 21 BTB-NPH3 proteins, or over 25% of the BTB proteins
in this genome. BTB-NPH3 proteins are not found in any of
the other genomes that we considered, and could represent a
plant-specific adaptation of the BTB domain. BTB-NPH3 pro-
teins are involved in phototropism in A. thaliana and are
thought to be adaptor proteins that bring together compo-
nents of a signal transduction pathway initiated by the light-
activated serine/threonine kinase NPH1 [101,102]. Heter-
omerization of BTB-NPH3 proteins have been observed, and
the BTB domains of root phototropism (RPT)2 and NPH3
have been shown to interact [101,102]. In addition, the BTB
domain from RPT2 can interact with a region of phototropin
1 that contains light, oxygen and voltage sensing (LOV)
protein-protein interaction domains [103]. These proteins
consist of an amino-terminal BTB domain and an NPH3
domain (Figure 6). The BTB domains in this family are only
distantly related to other examples of the fold, and appear to
have two leading β -strands in a region preceding the core
fold, with an additional β -strand between A1 and A2 (Addi-
tional data file 1).
BTB-bZip proteins
Each of the vertebrate genomes considered here contain
genes for two BTB-bZip proteins, named BTB and CNC
homology (BACH)1 and BACH2 [104,105], except for Danio
rerio, which has three. These proteins are transcription fac-
tors and most closely resemble the BTB-ZF proteins in terms
of the BTB sequence and overall protein architecture. The
proteins consist of a long form BTB domain, a central region
of approximately 400 residues, and a carboxy-terminal basic
leucine zipper region (Figure 6). The close similarity of the
BTB sequences between the BTB-ZF and BTB-bZip proteins
suggest that these domains are likely to be similar in struc-
ture. Notably, the long form elements and β 5 are predicted,
and dimerization residues are similar to the ZF class (data not
shown). Accordingly, the BACH proteins have been shown to
dimerize and oligomerize in a BTB-dependent manner [63].
bZip domains themselves are known to dimerize and, inter-
estingly, the majority of bZip-containing proteins (550 of 738
Pfam bZip_1 domain) contain no other identified domains inR82.12 Genome Biology 2005,     Volume 6, Issue 10, Article R82       Stogios et al. http://genomebiology.com/2005/6/10/R82
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the full-length protein [44]. Therefore, the domain composi-
tion and sequence properties of BTB-bZip proteins are unu-
sual in the context of all bZip proteins, but are compatible
with dimeric, and most likely oligomeric, BTB transcription
factors.
The RhoBTB proteins
The Ras homology (Rho)BTB proteins have an unusual archi-
tecture, and contain a Rho GTPase domain near the amino
terminus, two tandem long form BTB domains, and an
approximately 100 residue carboxy-terminal tail with pre-
dicted α -helical content (Figure 6). These proteins are highly
conserved across their full-lengths, and three examples
(RhoBTB1, RhoBTB2/DBC2, RhoBTB3) are found in each of
the vertebrates included in this study [106-108]. One RhoBTB
protein is also present in the insects and in Dictyostelium
[107]. The first BTB domain of human RhoBTB2 has been
shown to interact with Cul3 [13] and contains a large 115 res-
idue insertion between A2 and B3, while the second domain
is more typical and most closely resembles BTB domains from
BBK proteins. The tandem domains are immediately adjacent
and may form an intramolecular dimer.
Mutations have been identified in lung cancer patients that do
not disrupt the RhoBTB2-Cul3 interaction [13], and these
map to regions outside of the predicted Cul3-interacting
region (see below). We predict, however, that the Y284D can-
cer mutation is found in the dimerization interface of the first
BTB domain and prevents the proper folding of the domain.
This would be analogous to mutants in the dimer interface of
PLZF that abrogate function by affecting the folding of the
domain [6]. The PLZF and BCL6 BTB domains are obligate
dimers, and cannot fold as stable monomers (unpublished
observation and [43]).
The BTB-BACK-PHR (BBP) proteins
Sequence analysis on proteins with the BTB-BACK architec-
ture but no kelch repeats revealed the presence of a conserved
carboxy-terminal region of approximately 170 residues. This
region in the BTBD1 and BTBD2 proteins has sequence simi-
larity with human protein associated with myc (PAM; NCBI
accession number AAC39928), Drosophila  highwire
(AAF76150) and C. elegans regulator of presynaptic mor-
phology (RPM-1; NP_505267.1) and has been called the
'PHR-like' region (Pfam accession PF08005). It has been
shown to interact with topoisomerase 1 [109].
Searches with various PHR domain sequences against the
Pfam, Prodom and SMART databases identified only auto-
matically generated alignments, and BLAST searches against
the PDB did not reveal any significant hits. The domain does
not contain extended regions of disorder, and secondary
structure predictions suggest that the PHR domain is an all-β
fold. Despite the lack of a strongly repeating sequence motif,
the PHR may represent a novel type of β -propeller structure,
by analogy with the BBK proteins. Using HMM searches, we
found from four to seven examples of BTB-BACK-PHR (BBP)
p r o t e i n s  i n  t h e  m e t a z o a n  genomes, including mammalian
BTBD1, BTBD2, BTBD3 and BTBD6. We adopted the name
'PHR domain' for this motif and it has been added to the Pfam
database as accession PF08005.
The BTB-ankyrin proteins
Ankyrin repeats are common protein-protein interaction
motifs that are found in proteins of very diverse function,
such as transcription regulators, ion transporters and signal
transduction proteins [110,111]. We found examples of BTB-
ankyrin proteins in each species that we considered,
although, unlike other BTB domain families, these proteins
do not fit a single canonical arrangement. For example, some
BTB-ankyrin proteins are composed of an amino-terminal
BTB domain, a central helical region, 19 ankyrin repeats and
a carboxy-terminal FYVE domain (a domain originally found
in Fab1, YOTB, Vac1, and EEA1 proteins; Pfam accession
PF01363), whereas other examples contain two ankyrin
repeats followed by a linker region, two tandem BTB
domains, and a 300 residue carboxy-terminal helical region.
The three BTB-ankyrin proteins from S. pombe (Btb1p,
Btb2p, Btb3p) are components of a SCF-like ubiquitin ligase
complex and interact with Pcu3p, a Cul3 homolog [17]. Both
BTB domains of Btb3p are necessary for this interaction. The
BTB sequences from these proteins are only distantly related
to other BTB domains, and we thus cannot reliably predict the
nature of their interaction surfaces.
BTB proteins with no other identified domain
A significant number of BTB proteins do not contain other
identified sequence motifs (Figure 5). Excluding the Skp1 and
ElonginC proteins, 52% of the C. elegans BTB proteins, but
only 17% of the human proteins, belong to this family. There
may be additional domains in some of these proteins that
have yet to be identified.
BTB domains in cullin complexes
Several members of the BTB families described here have
been found to interact with Cul3-based SCF-like complexes
including BTB-ZF [14], BBK [12,14,112], MATH-BTB [14-16],
RhoBTB [13], BTB-ankyrin [17], BTB-only [14,17] and T1-Kv
[16] proteins. The roles of Skp1 and ElonginC as integral com-
ponents of SCF and VCB complexes, respectively, have long
been established [86,113]. In SCF complexes, F-box proteins
such as Cdc4 form precise complexes with Skp1 helices α 7 and
α 8 via their F-box, thus positioning their ligand-binding car-
boxy-terminal WD40 β -propeller domain such that bound
substrate is ubiquinated by the E3 ligase [25,26].
Nine of the 49 human BBK proteins have been identified as
components of Cul3-based SCF-like complexes [12,14] and, in
several cases, the BTB domain is necessary and sufficient for
interaction with Cul3. We propose that the BBK proteins are
structurally analogous to the two-chain Skp1/Fbox or Elong-
inC/SOCS box complexes [79]. In these cases, the centralhttp://genomebiology.com/2005/6/10/R82 Genome Biology 2005,     Volume 6, Issue 10, Article R82       Stogios et al. R82.13
c
o
m
m
e
n
t
r
e
v
i
e
w
s
r
e
p
o
r
t
s
r
e
f
e
r
e
e
d
 
r
e
s
e
a
r
c
h
d
e
p
o
s
i
t
e
d
 
r
e
s
e
a
r
c
h
i
n
t
e
r
a
c
t
i
o
n
s
i
n
f
o
r
m
a
t
i
o
n
Genome Biology 2005, 6:R82
BACK domain would serve to position the carboxy-terminal
β -propeller kelch repeats for substrate recognition [114]. We
expect a similar situation in the BBP proteins, where the PHR
domain would act at the substrate recognition module.
BTB domains of 5 of the 46 MATH-BTB proteins from C. ele-
gans have been shown to interact with Cul3. As in the BBK
proteins, the MATH-BTB proteins are conserved over much
of their entire length, and are likely to be internally rigid. In
this scenario, the substrate-recognizing MATH domain is
found amino-terminal to the BTB domain, but since the
amino and carboxyl termini are very close to each other in the
long form BTB domain dimer [5,22], the MATH domain in
these proteins may occupy a similar spatial position relative
to the BTB dimer as the BACK-kelch region of BBK proteins.
Some BTB-ZF proteins, including PLZF, have also been
shown to bind to Cul3, presumably in a BTB-dependent mode
[14]. The role of these proteins in Cul3-based SCF-like com-
plexes pose a puzzle, as we do not expect that downstream ZF
domains maintain a fixed orientation relative to the BTB
domain due to the structurally disordered central region.
Further work will be required to understand the structure and
function of BTB-ZF proteins in SCF-like complexes.
A model of the ubiquitin-E2-Cul3-Rbx1-BBK complex
To aid in understanding the role of the BTB domain in the
SCF-like complex, we generated a structural model of a BBK
protein dimerized via its BTB domain in a complex with Cul3,
Rbx1, E2 and ubiquitin (Figure 7). Three different structures
of Skp1 complexes are known [24-26], including a Cul1-Skp1
complex [24]. We generated a homology model of human
Cul3 based on the structure of Cul1, and placed the PLZF BTB
dimer by superposing one chain of the dimer with Skp1.
Residues in Skp1 that interact with Cul1 are found at positions
that do not involve the dimer interface residues in PLZF (Fig-
ures 2 and 4). The BTB domain from the BTB-ZF, BBK and
MATH-BTB and BTB-bZip families are closely related (Figure
6) and contain mostly the long form of the domain, as dis-
cussed above. We predict these to form obligate dimers, sim-
ilar to those observed in PLZF and BCL6 [5,22,55]. Proteins
from each of these families have been shown to interact with
Cul3; therefore, it is reasonable to postulate that these BTB
domains drive the dimerization of Cul3 complexes. Indeed,
dimerization of adaptor proteins is known to occur [115]. The
resulting model is similar to the model presented for the ubiq-
uitin-E2-SCF(Cdc4) [26] and E2-SCFβ -TrcP1 complexes [25],
except that two ligand-binding kelch/WD40 domains and
two E2-ubiquitins localize to the same face of the dimeric
complex. In each BBK protein, the BACK domain is between
the amino-terminal BTB domain and the carboxy-terminal
ligand binding domain, and is likely to be important for posi-
tioning the substrate in the complex. A more precise model
for a dimeric Cul3-based E3 ligase complex will require the
structure of the BACK domain.
Interestingly, some T1-Kv proteins interact with Cul3 [16],
and an equivalent analysis allows the placement of the T1
tetramer into a model of the SCF-like complex (data not
shown), although the tetramerization interface is not fully
separate from the putative Cul3 interface (Figure 2). Minor
structural adjustments that are not evident from the homol-
ogy modeling may be required in these cases.
Conclusion
This study illustrates the diversity in the abundance, distribu-
tion, protein architecture and sequence characteristics of BTB
proteins in 17 eukaryotic genomes. We surveyed public
databases and fully sequenced genomes and identified several
lineage-specific expansions. The BTB domain is found in a
wide variety of proteins, but it most often occurs as a single
copy at or near the protein amino terminus. Residues exposed
at the surface of the BTB fold are highly variable across
sequence families, reflecting the large number of self-associ-
ation and protein-protein interaction states seen in solved
BTB structures. Most BTB-ZF, BBK and MATH-BTB proteins
contain a long form of the domain that has an additional con-
served amino-terminal region, and these are predicted to
form stable dimers. In at least some of the BTB transcription
factors, BTB dimers are required for interaction with co-
repressor peptides, and possibly for higher order self-associ-
ation. Based on structural superpositions, we show that the
Cul3 interaction surface on many BTB proteins does not over-
lap with the dimerization interface and, therefore, these BTB
proteins may drive the dimerization of Cul3-based E3 ligase
complexes.
Materials and methods
Structure alignment
Twenty-five entries comprising nine unique BTB structures
were retrieved from the PDB with DALI [116], CE [117] and
VAST [118] structure superposition searches. Structural
superpositions and sequence alignments were generated with
CE, SwissPDBViewer [119] and by manual inspection and
adjustments. RMSD values were calculated using SwissPDB-
Viewer, and molecular representations were generated with
Pymol [120].
Generation of HMMs
A panel of HMMs describing various families of BTB proteins
were trained on structure-guided, manually inspected
sequence alignments of BTB domains from the BTB-ZF, BBK,
MATH-BTB, T1, Skp1, ElonginC and BTB-NPH3 families.
HMMs were matured by iteratively building the results from
multiple rounds of sequence search, alignment and training.
HMM training and calibration were done with hmmbuild and
hmmcalibrate, using default options, from HMMER 2.3.2
[34]. Family-specific HMMs, including long-form BTB
domain HMMs, are available at [35].R82.14 Genome Biology 2005,     Volume 6, Issue 10, Article R82       Stogios et al. http://genomebiology.com/2005/6/10/R82
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Genome collection and sequence searches
All peptides from the translations of all known and predicted
transcripts in the genomes of Anopheles gambiae, Apis mel-
lifera,  Caenorhabditis elegans,  Canis familiaris,  Danio
rerio, Drosophila melanogaster, Gallus gallus, Homo sapi-
ens,  Mus musculus,  Pan troglodytes,  Rattus norvegicus,
Structural model of the ubiquitin-E2-Cul3-Rbx1-BBK complex Figure 7
Structural model of the ubiquitin-E2-Cul3-Rbx1-BBK complex. The complex forms a dimer by the self-association of the BTB domain in the BBK protein. 
The approximate position of the two-fold axis is indicated. Each full-length BBK protein is shown in red, with the BTB dimer shown in the darkest shading 
in surface representation, the two BACK domains in pink surface, and the two Kelch β -propellers shown in pink cartoon representation. The Cul3 
homology model is shown in green cartoon representation, Rbx1 is in gray cartoon representation, E2 Ubch7 is in yellow cartoon representation, and 
ubiquitin is shown as a blue surface. Stars indicate the position associated with substrate binding [114]. Depth cuing is used to indicate distances in the 
plane of the page, such that the diffuse colors are most distant to the viewer than the intense colors.
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Takifugu rubripes and  Xenopus tropicalus were retrieved
from the latest version of Ensembl [32]. Arabidsopsis thal-
iana, Saccharomyces cerevisiae and Schizosaccharomyces
pombe protein sequences were retrieved from Uniprot [46].
Dictyostelium discoideum protein sequences were retrieved
from Dictybase ('primary features') [121]. Proteins containing
BTB domains were identified using hmmsearch from the
HMMER package [34], with an e-value cutoff of 10, using our
panel of HMMs. BTB domains scoring in the e-value range 0.1
t o  1 0  w e r e  m a n u a l l y  i n s p ected. Peptide sequences,
identifiers, names and aliases, domain boundaries of the non-
BTB domains (from Pfam annotations [44] included in the
Ensembl peptide features) were stored in an Oracle database.
Secondary structure prediction
Secondary structure predictions on representative members
of each BTB family were completed using the PredictProtein
server and the PHD algorithm [122]. Scores above 8 over at
least 4 consecutive residues were considered valid predic-
tions. Low complexity regions were detected using SEG, at the
PredictProtein server. Regions of inherent sequence disorder
were detected using the PONDR [123] and DISOPRED [124]
servers.
Sequence alignment, clustering and most probable 
sequence detection
Family-specific HMMs were utilized to generate multiple
sequence alignments, which were then merged into larger
alignments for clustering. Phylogenetic clustering was
attempted with the distance, maximum parsimony and
maximum likelihood algorithms in the PAUP*4.0 [125],
MEGA 2.0 [126], Clustal [127] and PHYLIP 3.63 [128] soft-
ware packages. The most probable sequences shown in Figure
2 were retrieved using the hmmemit program from the
HMMER package [34]. The source code for hmmemit was
modified to emit consensus sequences with a probability of
0.4, 0.6 and 0.8 from HMMs for each of the seven families
shown in Figure 2.
Structure modeling
A model of the ubiquitin-E2-Cul3-Rbx1-BBK complex was
generated following the approach used in making the ubiqui-
tin-E2-SCF(Cdc4) model [26]. The BBK model was made
from a composite of the Skp1 and F-box proteins from the
Skp1/Cdc4 [26] and Cul1-Rbx1-Skp1-Skp2 complexes [24], in
which one chain of the PLZF BTB dimer [22] was substituted
for Skp1, and the BACK domain was assumed to adopt the
same structure as Skp1 helices α 6 and α 7 and the F-box and
helical linker regions. The Keap1 kelch domain [114] was used
to replace the β -propellers of the Cdc4 WD40 domain. Cul1
was replaced by a homology model of Cul3 that was generated
using the 3D-PSSM server [129]. The E2 enzyme Ubch7 was
positioned using a superposition of the RING domains from
Rbx1 and c-Cbl from the c-Cbl-Ubch7 complex [130], and the
placement of ubiquitin was achieved by superposition of the
two E2 enzymes Ubch7 and E2-24 from the structure of the
E2-24-ubiquitin complex [131].
Additional data files
The following additional data are available with the online
version of this paper. Additional data file 1 contains multiple
sequence alignment of BTB domains from BTB-ZF, BBK,
Skp1, T1-Kv, MATH-BTB and BTB-NPH3 proteins.
Additional data file 1 Multiple sequence alignment of BTB domains from BTB-ZF, BBK,  Skp1, T1-Kv, MATH-BTB and BTB-NPH3 proteins Multiple sequence alignment of BTB domains from BTB-ZF, BBK,  Skp1, T1-Kv, MATH-BTB and BTB-NPH3 proteins. Click here for file
Acknowledgements
We thank Frank Sicheri for helpful comments on the model of the ubiqui-
tin-E2-Cul3-Rbx1-BBK complex. This work was supported by a Canadian
Cancer Society grant to G.G.P..
References
1. Zollman S, Godt D, Prive GG, Couderc JL, Laski FA: The BTB
domain, found primarily in zinc finger proteins, defines an
evolutionarily conserved family that includes several devel-
opmentally regulated genes in Drosophila.  Proc Natl Acad Sci
USA 1994, 91:10717-10721.
2. Bardwell VJ, Treisman R: The POZ domain: a conserved pro-
tein-protein interaction motif.  Genes Dev 1994, 8:1664-1677.
3. Numoto M, Niwa O, Kaplan J, Wong KK, Merrell K, Kamiya K, Yan-
agihara K, Calame K: Transcriptional repressor ZF5 identifies a
new conserved domain in zinc finger proteins.  Nucleic Acids Res
1993, 21:3767-3775.
4. Koonin EV, Senkevich TG, Chernos VI: A family of DNA virus
genes that consists of fused portions of unrelated cellular
genes.  Trends Biochem Sci 1992, 17:213-214.
5. Ahmad KF, Melnick A, Lax S, Bouchard D, Liu J, Kiang CL, Mayer S,
Takahashi S, Licht JD, Prive GG: Mechanism of SMRT corepres-
sor recruitment by the BCL6 BTB domain.  Mol Cell 2003,
12:1551-1564.
6. Melnick A, Ahmad KF, Arai S, Polinger A, Ball H, Borden KL, Carlile
GW, Prive GG, Licht JD: In-depth mutational analysis of the
promyelocytic leukemia zinc finger BTB/POZ domain
reveals motifs and residues required for biological and tran-
scriptional functions.  Mol Cell Biol 2000, 20:6550-6567.
7. Ziegelbauer J, Shan B, Yager D, Larabell C, Hoffmann B, Tjian R:
Transcription factor MIZ-1 is regulated via microtubule
association.  Mol Cell 2001, 8:339-349.
8. Kang MI, Kobayashi A, Wakabayashi N, Kim SG, Yamamoto M: Scaf-
folding of Keap1 to the actin cytoskeleton controls the func-
tion of Nrf2 as key regulator of cytoprotective phase 2 genes.
Proc Natl Acad Sci USA 2004, 101:2046-2051.
9. Bomont P, Cavalier L, Blondeau F, Ben Hamida C, Belal S, Tazir M,
Demir E, Topaloglu H, Korinthenberg R, Tuysuz B, et al.: The gene
encoding gigaxonin, a new member of the cytoskeletal BTB/
kelch repeat family, is mutated in giant axonal neuropathy.
Nat Genet 2000, 26:370-374.
10. Minor DL, Lin YF, Mobley BC, Avelar A, Jan YN, Jan LY, Berger JM:
The polar T1 interface is linked to conformational changes
that open the voltage-gated potassium channel.  Cell 2000,
102:657-670.
11. Kreusch A, Pfaffinger PJ, Stevens CF, Choe S: Crystal structure of
the tetramerization domain of the Shaker potassium
channel.  Nature 1998, 392:945-948.
12. Kobayashi A, Kang MI, Okawa H, Ohtsuji M, Zenke Y, Chiba T, Igar-
ashi K, Yamamoto M: Oxidative stress sensor Keap1 functions
as an adaptor for Cul3-based E3 ligase to regulate proteaso-
mal degradation of Nrf2.  Mol Cell Biol 2004, 24:7130-7139.
13. Wilkins A, Ping Q, Carpenter CL: RhoBTB2 is a substrate of the
mammalian Cul3 ubiquitin ligase complex.  Genes Dev 2004,
18:856-861.
14. Furukawa M, He YJ, Borchers C, Xiong Y: Targeting of protein
ubiquitination by BTB-Cullin 3-Roc1 ubiquitin ligases.  Nat
Cell Biol 2003, 5:1001-1007.
15. Pintard L, Willis JH, Willems A, Johnson JL, Srayko M, Kurz T, Glaser
S, Mains PE, Tyers M, Bowerman B, Peter M: The BTB proteinR82.16 Genome Biology 2005,     Volume 6, Issue 10, Article R82       Stogios et al. http://genomebiology.com/2005/6/10/R82
Genome Biology 2005, 6:R82
MEL-26 is a substrate-specific adaptor of the CUL-3
ubiquitin-ligase.  Nature 2003, 425:311-316.
16. Xu L, Wei Y, Reboul J, Vaglio P, Shin TH, Vidal M, Elledge SJ, Harper
JW: BTB proteins are substrate-specific adaptors in an SCF-
like modular ubiquitin ligase containing CUL-3.  Nature 2003,
425:316-321.
17. Geyer R, Wee S, Anderson S, Yates J, Wolf DA: BTB/POZ domain
proteins are putative substrate adaptors for cullin 3 ubiquitin
ligases.  Mol Cell 2003, 12:783-790.
18. Krek W: BTB proteins as henchmen of Cul3-based ubiquitin
ligases.  Nat Cell Biol 2003, 5:950-951.
19. Willems AR, Schwab M, Tyers M: A hitchhiker's guide to the cul-
lin ubiquitin ligases: SCF and its kin.  Biochim Biophys Acta  2004,
1695:133-170.
20. Pintard L, Willems A, Peter M: Cullin-based ubiquitin ligases:
Cul3-BTB complexes join the family.  EMBO J 2004,
23:1681-1687.
21. Murzin AG, Brenner SE, Hubbard T, Chothia C: SCOP: a structural
classification of proteins database for the investigation of
sequences and structures.  J Mol Biol 1995, 247:536-540.
22. Ahmad KF, Engel CK, Prive GG: Crystal structure of the BTB
domain from PLZF.  Proc Natl Acad Sci USA 1998, 95:12123-12128.
23. Schulman BA, Carrano AC, Jeffrey PD, Bowen Z, Kinnucan ER, Finnin
MS, Elledge SJ, Harper JW, Pagano M, Pavletich NP: Insights into
SCF ubiquitin ligases from the structure of the Skp1-Skp2
complex.  Nature 2000, 408:381-386.
24. Zheng N, Schulman BA, Song L, Miller JJ, Jeffrey PD, Wang P, Chu C,
Koepp DM, Elledge SJ, Pagano M, et al.: Structure of the Cul1-
Rbx1-Skp1-F boxSkp2 SCF ubiquitin ligase complex.  Nature
2002, 416:703-709.
25. Wu G, Xu G, Schulman BA, Jeffrey PD, Harper JW, Pavletich NP:
Structure of a beta-TrCP1-Skp1-beta-catenin complex:
destruction motif binding and lysine specificity of the
SCF(beta-TrCP1) ubiquitin ligase.  Mol Cell 2003, 11:1445-1456.
26. Orlicky S, Tang X, Willems A, Tyers M, Sicheri F: Structural basis
for phosphodependent substrate selection and orientation
by the SCFCdc4 ubiquitin ligase.  Cell 2003, 112:243-256.
27. Botuyan MV, Mer G, Yi GS, Koth CM, Case DA, Edwards AM, Chazin
WJ, Arrowsmith CH: Solution structure and dynamics of yeast
elongin C in complex with a von Hippel-Lindau peptide.  J Mol
Biol 2001, 312:177-186.
28. Stebbins CE, Kaelin WG Jr, Pavletich NP: Structure of the VHL-
ElonginC-ElonginB complex: implications for VHL tumor
suppressor function.  Science 1999, 284:455-461.
29. Nanao MH, Zhou W, Pfaffinger PJ, Choe S: Determining the basis
of channel-tetramerization specificity by x-ray crystallogra-
phy and a sequence-comparison algorithm: Family Values
(FamVal).  Proc Natl Acad Sci USA 2003, 100:8670-8675.
30. Aravind L, Koonin EV: Fold prediction and evolutionary analysis
of the POZ domain: structural and evolutionary relationship
with the potassium channel tetramerization domain.  J Mol
Biol 1999, 285:1353-1361.
31. Berman HM, Battistuz T, Bhat TN, Bluhm WF, Bourne PE, Burkhardt
K, Feng Z, Gilliland GL, Iype L, Jain S, et al.: The Protein Data Bank.
Acta Crystallogr D Biol Crystallogr 2002, 58:899-907.
32. Birney E, Andrews D, Bevan P, Caccamo M, Cameron G, Chen Y,
Clarke L, Coates G, Cox T, Cuff J, et al.: Ensembl 2004.  Nucleic Acids
Res 2004, 32(Database issue):D468-D470.
33. Wu C, Nebert DW: Update on genome completion and anno-
tations: Protein Information Resource.  Hum Genomics 2004,
1:229-233.
34. HMMER: profile HMMs for protein sequence analysis
[http://hmmer.wustl.edu/]
35. The BTB domain database   [http://btb.uhnres.utoronto.ca]
36. Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Wheeler DL:
GenBank: update.  Nucleic Acids Res 2004, 32(Database
issue):D23-D26.
37. Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, Lip-
man DJ: Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs.  Nucleic Acids Res 1997,
25:3389-3402.
38. Horn M, Collingro A, Schmitz-Esser S, Beier CL, Purkhold U, Fart-
mann B, Brandt P, Nyakatura GJ, Droege M, Frishman D, et al.: Illu-
minating the evolutionary history of chlamydiae.  Science 2004,
304:728-730.
39. Eichinger L, Pachebat JA, Glockner G, Rajandream MA, Sucgang R,
Berriman M, Song J, Olsen R, Szafranski K, Xu Q, et al.: The genome
of the social amoeba Dictyostelium discoideum.  Nature 2005,
435:43-57.
40. Lespinet O, Wolf YI, Koonin EV, Aravind L: The role of lineage-
specific gene family expansion in the evolution of
eukaryotes.  Genome Res 2002, 12:1048-1059.
41. Shannon M, Hamilton AT, Gordon L, Branscomb E, Stubbs L: Differ-
ential expansion of zinc-finger transcription factor loci in
homologous human and mouse gene clusters.  Genome Res
2003, 13:1097-1110.
42. Collins T, Stone JR, Williams AJ: All in the family: the BTB/POZ,
KRAB, and SCAN domains.  Mol Cell Biol 2001, 21:3609-3615.
43. Li X, Peng H, Schultz DC, Lopez-Guisa JM, Rauscher FJ 3rd, Mar-
morstein R: Structure-function studies of the BTB/POZ tran-
scriptional repression domain from the promyelocytic
leukemia zinc finger oncoprotein.  Cancer Res 1999,
59:5275-5282.
44. Bateman A, Coin L, Durbin R, Finn RD, Hollich V, Griffiths-Jones S,
Khanna A, Marshall M, Moxon S, Sonnhammer EL, et al.: The Pfam
protein families database.  Nucleic Acids Res 2004, 32(Database
issue):D138-D141.
45. Letunic I, Copley RR, Schmidt S, Ciccarelli FD, Doerks T, Schultz J,
Ponting CP, Bork P: SMART 4.0: towards genomic data
integration.  Nucleic Acids Res 2004, 32(Database
issue):D142-D144.
46. Mulder NJ, Apweiler R, Attwood TK, Bairoch A, Bateman A, Binns D,
Bradley P, Bork P, Bucher P, Cerutti L, et al.: InterPro, progress
and status in 2005.  Nucleic Acids Res 2005, 33(Database
issue):D201-D205.
47. Maeda T, Hobbs RM, Merghoub T, Guernah I, Zelent A, Cordon-
Cardo C, Teruya-Feldstein J, Pandolfi PP: Role of the proto-onco-
gene Pokemon in cellular transformation and ARF
repression.  Nature 2005, 433:278-285.
48. Polo JM, Dell'Oso T, Ranuncolo SM, Cerchietti L, Beck D, Da Silva GF,
Prive GG, Licht JD, Melnick A: Specific peptide interference
reveals BCL6 transcriptional and oncogenic mechanisms in
B-cell lymphoma cells.  Nat Med 2004, 10:1329-1335.
49. Albagli-Curiel O: Ambivalent role of BCL6 in cell survival and
transformation.  Oncogene 2003, 22:507-516.
50. Costoya JA, Pandolfi PP: The role of promyelocytic leukemia
zinc finger and promyelocytic leukemia in leukemogenesis
and development.  Curr Opin Hematol 2001, 8:212-217.
51. Chen W, Cooper TK, Zahnow CA, Overholtzer M, Zhao Z, Ladanyi
M, Karp JE, Gokgoz N, Wunder JS, Andrulis IL, et al.: Epigenetic and
genetic loss of Hic1 function accentuates the role of p53 in
tumorigenesis.  Cancer Cell 2004, 6:387-398.
52. Pinte S, Stankovic-Valentin N, Deltour S, Rood BR, Guerardel C, Lep-
rince D: The tumor suppressor gene HIC1 (hypermethylated
in cancer 1) is a sequence-specific transcriptional repressor:
definition of its consensus binding sequence and analysis of
its DNA-binding and repressive properties.  J Biol Chem 2004,
279:38313-38324.
53. Peukert K, Staller P, Schneider A, Carmichael G, Hanel F, Eilers M: An
alternative pathway for gene regulation by Myc.  EMBO J  1997,
16:5672-5686.
54. Kim SW, Fang X, Ji H, Paulson AF, Daniel JM, Ciesiolka M, van Roy F,
McCrea PD: Isolation and characterization of XKaiso, a tran-
scriptional repressor that associates with the catenin
Xp120(ctn) in Xenopus laevis.  J Biol Chem 2002, 277:8202-8208.
55. Li X, Lopez-Guisa JM, Ninan N, Weiner EJ, Rauscher FJ 3rd, Mar-
morstein R: Overexpression, purification, characterization,
and crystallization of the BTB/POZ domain from the PLZF
oncoprotein.  J Biol Chem 1997, 272:27324-27329.
56. Deltour S, Pinte S, Guerardel C, Leprince D: Characterization of
HRG22, a human homologue of the putative tumor suppres-
sor gene HIC1.  Biochem Biophys Res Commun 2001, 287:427-434.
57. Liu Y, Eisenberg D: 3D domain swapping: as domains continue
to swap.  Protein Sci 2002, 11:1285-1299.
58. Dhordain P, Lin RJ, Quief S, Lantoine D, Kerckaert JP, Evans RM,
Albagli O: The LAZ3(BCL-6) oncoprotein recruits a SMRT/
mSIN3A/histone deacetylase containing complex to medi-
ate transcriptional repression.  Nucleic Acids Res 1998,
26:4645-4651.
59. Yoshida C, Tokumasu F, Hohmura KI, Bungert J, Hayashi N,
Nagasawa T, Engel JD, Yamamoto M, Takeyasu K, Igarashi K: Long
range interaction of cis-DNA elements mediated by archi-
tectural transcription factor Bach1.  Genes Cells 1999,
4:643-655.
60. Ball HJ, Melnick A, Shaknovich R, Kohanski RA, Licht JD: The pro-
myelocytic leukemia zinc finger (PLZF) protein binds DNAhttp://genomebiology.com/2005/6/10/R82 Genome Biology 2005,     Volume 6, Issue 10, Article R82       Stogios et al. R82.17
c
o
m
m
e
n
t
r
e
v
i
e
w
s
r
e
p
o
r
t
s
r
e
f
e
r
e
e
d
 
r
e
s
e
a
r
c
h
d
e
p
o
s
i
t
e
d
 
r
e
s
e
a
r
c
h
i
n
t
e
r
a
c
t
i
o
n
s
i
n
f
o
r
m
a
t
i
o
n
Genome Biology 2005, 6:R82
in a high molecular weight complex associated with cdc2
kinase.  Nucleic Acids Res 1999, 27:4106-4113.
61. Espinas ML, Jimenez-Garcia E, Vaquero A, Canudas S, Bernues J,
Azorin F: The amino-terminal POZ domain of GAGA medi-
ates the formation of oligomers that bind DNA with high
affinity and specificity.  J Biol Chem 1999, 274:16461-16469.
62. Katsani KR, Hajibagheri MA, Verrijzer CP: Co-operative DNA
binding by GAGA transcription factor requires the con-
served BTB/POZ domain and reorganizes promoter
topology.  EMBO J 1999, 18:698-708.
63. Igarashi K, Hoshino H, Muto A, Suwabe N, Nishikawa S, Nakauchi H,
Yamamoto M: Multivalent DNA binding complex generated by
small Maf and Bach1 as a possible biochemical basis for beta-
globin locus control region complex.  J Biol Chem 1998,
273:11783-11790.
64. Pagans S, Ortiz-Lombardia M, Espinas ML, Bernues J, Azorin F: The
Drosophila transcription factor tramtrack (TTK) interacts
with Trithorax-like (GAGA) and represses GAGA-mediated
activation.  Nucleic Acids Res 2002, 30:4406-4413.
65. Hoatlin ME, Zhi Y, Ball H, Silvey K, Melnick A, Stone S, Arai S, Hawe
N, Owen G, Zelent A, Licht JD: A novel BTB/POZ transcrip-
tional repressor protein interacts with the Fanconi anemia
group C protein and PLZF.  Blood 1999, 94:3737-3747.
66. Takenaga M, Hatano M, Takamori M, Yamashita Y, Okada S, Kuroda
Y, Tokuhisa T: Bcl6-dependent transcriptional repression by
BAZF.  Biochem Biophys Res Commun 2003, 303:600-608.
67. Kobayashi A, Yamagiwa H, Hoshino H, Muto A, Sato K, Morita M,
Hayashi N, Yamamoto M, Igarashi K: A combinatorial code for
gene expression generated by transcription factor Bach2
and MAZR (MAZ-related factor) through the BTB/POZ
domain.  Mol Cell Biol 2000, 20:1733-1746.
68. Lee S, Privalsky ML: Heterodimers of retinoic acid receptors
and thyroid hormone receptors display unique combinato-
rial regulatory properties.  Mol Endocrinol 2005, 19:863-878.
69. Huynh KD, Bardwell VJ: The BCL-6 POZ domain and other
POZ domains interact with the co-repressors N-CoR and
SMRT.  Oncogene  1998, 17:2473-2484.
70. Yoon HG, Chan DW, Reynolds AB, Qin J, Wong J: N-CoR medi-
ates DNA methylation-dependent repression through a
methyl CpG binding protein Kaiso.  Mol Cell 2003, 12:723-734.
71. David G, Alland L, Hong SH, Wong CW, DePinho RA, Dejean A: His-
tone deacetylase associated with mSin3A mediates repres-
sion by the acute promyelocytic leukemia-associated PLZF
protein.  Oncogene  1998, 16:2549-2556.
72. Grignani F, De Matteis S, Nervi C, Tomassoni L, Gelmetti V, Cioce M,
Fanelli M, Ruthardt M, Ferrara FF, Zamir I, et al.: Fusion proteins of
the retinoic acid receptor-alpha recruit histone deacetylase
in promyelocytic leukaemia.  Nature 1998, 391:815-818.
73. Wong CW, Privalsky ML: Components of the SMRT corepres-
sor complex exhibit distinctive interactions with the POZ
domain oncoproteins PLZF, PLZF-RARalpha, and BCL-6.  J
Biol Chem 1998, 273:27695-27702.
74. Melnick A, Carlile G, Ahmad KF, Kiang CL, Corcoran C, Bardwell V,
Prive GG, Licht JD: Critical residues within the BTB domain of
PLZF and Bcl-6 modulate interaction with corepressors.  Mol
Cell Biol 2002, 22:1804-1818.
75. Robinson DN, Cooley L: Drosophila kelch is an oligomeric ring
canal actin organizer.  J Cell Biol 1997, 138:799-810.
76. Lecuyer C, Dacheux JL, Hermand E, Mazeman E, Rousseaux J, Rous-
seaux-Prevost R: Actin-binding properties and colocalization
with actin during spermiogenesis of mammalian sperm
calicin.  Biol Reprod 2000, 63:1801-1810.
77. Chen Y, Derin R, Petralia RS, Li M: Actinfilin, a brain-specific
actin-binding protein in postsynaptic density.  J Biol Chem 2002,
277:30495-30501.
78. Hara T, Ishida H, Raziuddin R, Dorkhom S, Kamijo K, Miki T: Novel
kelch-like protein, KLEIP, is involved in actin assembly at
cell-cell contact sites of Madin-Darby canine kidney cells.  Mol
Biol Cell 2004, 15:1172-1184.
79. Stogios PJ, Prive GG: The BACK domain in BTB-kelch proteins.
Trends Biochem Sci 2004, 29:634-637.
80. Adams J, Kelso R, Cooley L: The kelch repeat superfamily of
proteins: propellers of cell function.  Trends Cell Biol 2000,
10:17-24.
81. Bork P, Doolittle RF: Drosophila kelch motif is derived from a
common enzyme fold.  J Mol Biol 1994, 236:1277-1282.
82. Prag S, Adams JC: Molecular phylogeny of the kelch-repeat
superfamily reveals an expansion of BTB/kelch proteins in
animals.  BMC Bioinformatics 2003, 4:42.
83. Soltysik-Espanola M, Rogers RA, Jiang S, Kim TA, Gaedigk R, White
RA, Avraham H, Avraham S: Characterization of Mayven, a
novel actin-binding protein predominantly expressed in
brain.  Mol Biol Cell 1999, 10:2361-2375.
84. Sasagawa K, Matsudo Y, Kang M, Fujimura L, Iitsuka Y, Okada S,
Ochiai T, Tokuhisa T, Hatano M: Identification of Nd1, a novel
murine kelch family protein, involved in stabilization of actin
filaments.  J Biol Chem 2002, 277:44140-44146.
85. Bai C, Sen P, Hofmann K, Ma L, Goebl M, Harper JW, Elledge SJ:
SKP1 connects cell cycle regulators to the ubiquitin proteol-
ysis machinery through a novel motif, the F-box.  Cell 1996,
86:263-274.
86. Feldman RM, Correll CC, Kaplan KB, Deshaies RJ: A complex of
Cdc4p, Skp1p, and Cdc53p/cullin catalyzes ubiquitination of
the phosphorylated CDK inhibitor Sic1p.  Cell 1997,
91:221-230.
87. Skowyra D, Craig KL, Tyers M, Elledge SJ, Harper JW: F-box pro-
teins are receptors that recruit phosphorylated substrates
to the SCF ubiquitin-ligase complex.  Cell 1997, 91:209-219.
88. Lonergan KM, Iliopoulos O, Ohh M, Kamura T, Conaway RC, Cona-
way JW, Kaelin WG Jr: Regulation of hypoxia-inducible mRNAs
by the von Hippel-Lindau tumor suppressor protein requires
binding to complexes containing elongins B/C and Cul2.  Mol
Cell Biol 1998, 18:732-741.
89. Pause A, Lee S, Worrell RA, Chen DY, Burgess WH, Linehan WM,
Klausner RD: The von Hippel-Lindau tumor-suppressor gene
product forms a stable complex with human CUL-2, a mem-
ber of the Cdc53 family of proteins.  Proc Natl Acad Sci USA 1997,
94:2156-2161.
90. Iwai K, Yamanaka K, Kamura T, Minato N, Conaway RC, Conaway
JW, Klausner RD, Pause A: Identification of the von Hippel-
lindau tumor-suppressor protein as part of an active E3 ubiq-
uitin ligase complex.  Proc Natl Acad Sci USA 1999,
96:12436-12441.
91. Lisztwan J, Imbert G, Wirbelauer C, Gstaiger M, Krek W: The von
Hippel-Lindau tumor suppressor protein is a component of
an E3 ubiquitin-protein ligase activity.  Genes Dev 1999,
13:1822-1833.
92. Ohh M, Park CW, Ivan M, Hoffman MA, Kim TY, Huang LE, Pavletich
N, Chau V, Kaelin WG: Ubiquitination of hypoxia-inducible fac-
tor requires direct binding to the beta-domain of the von
Hippel-Lindau protein.  Nat Cell Biol 2000, 2:423-427.
93. Min JH, Yang H, Ivan M, Gertler F, Kaelin WG Jr, Pavletich NP: Struc-
ture of an HIF-1alpha-pVHL complex: hydroxyproline recog-
nition in signaling.  Science 2002, 296:1886-1889.
94. Hon WC, Wilson MI, Harlos K, Claridge TD, Schofield CJ, Pugh CW,
Maxwell PH, Ratcliffe PJ, Stuart DI, Jones EY: Structural basis for
the recognition of hydroxyproline in HIF-1 alpha by pVHL.
Nature 2002, 417:975-978.
95. Strang C, Cushman SJ, DeRubeis D, Peterson D, Pfaffinger PJ: A cen-
tral role for the T1 domain in voltage-gated potassium chan-
nel formation and function.  J Biol Chem 2001, 276:28493-28502.
96. Shen NV, Chen X, Boyer MM, Pfaffinger PJ: Deletion analysis of K+
channel assembly.  Neuron 1993, 11:67-76.
97. Lee TE, Philipson LH, Kuznetsov A, Nelson DJ: Structural
determinant for assembly of mammalian K+ channels.  Bio-
phys J 1994, 66:667-673.
98. Bixby KA, Nanao MH, Shen NV, Kreusch A, Bellamy H, Pfaffinger PJ,
Choe S: Zn2+-binding and molecular determinants of
tetramerization in voltage-gated K+ channels.  Nat Struct Biol
1999, 6:38-43.
99. Gulbis JM, Zhou M, Mann S, MacKinnon R: Structure of the cyto-
plasmic beta subunit-T1 assembly of voltage-dependent K+
channels.  Science 2000, 289:123-127.
100. Dow MR, Mains PE: Genetic and molecular characterization of
the caenorhabditis elegans gene, mel-26, a postmeiotic neg-
ative regulator of mei-1, a meiotic-specific spindle
component.  Genetics 1998, 150:119-128.
101. Motchoulski A, Liscum E: Arabidopsis NPH3: A NPH1 photore-
ceptor-interacting protein essential for phototropism.  Sci-
ence 1999, 286:961-964.
102. Sakai T, Wada T, Ishiguro S, Okada K: RPT2. A signal transducer
of the phototropic response in Arabidopsis.  Plant Cell 2000,
12:225-236.
103. Inada S, Ohgishi M, Mayama T, Okada K, Sakai T: RPT2 is a signal
transducer involved in phototropic response and stomatal
opening by association with phototropin 1 in ArabidopsisR82.18 Genome Biology 2005,     Volume 6, Issue 10, Article R82       Stogios et al. http://genomebiology.com/2005/6/10/R82
Genome Biology 2005, 6:R82
thaliana.  Plant Cell  2004, 16:887-896.
104. Ohira M, Seki N, Nagase T, Ishikawa K, Nomura N, Ohara O: Char-
acterization of a human homolog (BACH1) of the mouse
Bach1 gene encoding a BTB-basic leucine zipper transcrip-
tion factor and its mapping to chromosome 21q22.1.  Genom-
ics 1998, 47:300-306.
105. Oyake T, Itoh K, Motohashi H, Hayashi N, Hoshino H, Nishizawa M,
Yamamoto M, Igarashi K: Bach proteins belong to a novel family
of BTB-basic leucine zipper transcription factors that inter-
act with MafK and regulate transcription through the NF-E2
site.  Mol Cell Biol 1996, 16:6083-6095.
106. Ramos S, Khademi F, Somesh BP, Rivero F: Genomic organization
and expression profile of the small GTPases of the RhoBTB
family in human and mouse.  Gene 2002, 298:147-157.
107. Rivero F, Dislich H, Glockner G, Noegel AA: The Dictyostelium
discoideum family of Rho-related proteins.  Nucleic Acids Res
2001, 29:1068-1079.
108. Salas-Vidal E, Meijer AH, Cheng X, Spaink HP: Genomic annota-
tion and expression analysis of the zebrafish Rho small
GTPase family during development and bacterial infection.
Genomics 2005, 86:25-37.
109. Xu L, Yang L, Hashimoto K, Anderson M, Kohlhagen G, Pommier Y,
D'Arpa P: Characterization of BTBD1 and BTBD2, two simi-
lar BTB-domain-containing Kelch-like proteins that interact
with Topoisomerase I.  BMC Genomics 2002, 3:1.
110. Mosavi LK, Cammett TJ, Desrosiers DC, Peng ZY: The ankyrin
repeat as molecular architecture for protein recognition.
Protein Sci 2004, 13:1435-1448.
111. Breeden L, Nasmyth K: Similarity between cell-cycle genes of
budding yeast and fission yeast and the Notch gene of
Drosophila.  Nature 1987, 329:651-654.
112. Cullinan SB, Gordan JD, Jin J, Harper JW, Diehl JA: The Keap1-BTB
protein is an adaptor that bridges Nrf2 to a Cul3-based E3
ligase: oxidative stress sensing by a Cul3-Keap1 ligase.  Mol
Cell Biol 2004, 24:8477-8486.
113. Deshaies RJ: SCF and Cullin/Ring H2-based ubiquitin ligases.
Annu Rev Cell Dev Biol 1999, 15:435-467.
114. Li X, Zhang D, Hannink M, Beamer LJ: Crystal structure of the
Kelch domain of human Keap1.  J Biol Chem 2004,
279:54750-54758.
115. Maniatis T: A ubiquitin ligase complex essential for the NF-
kappaB, Wnt/Wingless, and Hedgehog signaling pathways.
Genes Dev  1999, 13:505-510.
116. Holm L, Sander C: Alignment of three-dimensional protein
structures: network server for database searching.  Methods
Enzymol  1996, 266:653-662.
117. Guda C, Lu S, Scheeff ED, Bourne PE, Shindyalov IN: CE-MC: a mul-
tiple protein structure alignment server.  Nucleic Acids Res
2004, 32(Web Server issue):W100-W103.
118. Gibrat JF, Madej T, Bryant SH: Surprising similarities in structure
comparison.  Curr Opin Struct Biol 1996, 6:377-385.
119. Guex N, Peitsch MC: SWISS-MODEL and the Swiss-Pdb-
Viewer: an environment for comparative protein modeling.
Electrophoresis  1997, 18:2714-2723.
120. The PyMOL Molecular Graphics System   [http://
www.pymol.org]
121. dictyBase   [http://www.dictybase.org]
122. Rost B, Yachdav G, Liu J: The PredictProtein server.  Nucleic Acids
Res 2004, 32(Web Server issue):W321-W326.
123. Romero P, Obradovic Z, Dunker AK: Natively disordered pro-
teins : functions and predictions.  Appl Bioinformatics 2004,
3:105-113.
124. McGuffin LJ, Bryson K, Jones DT: The PSIPRED protein struc-
ture prediction server.  Bioinformatics 2000, 16:404-405.
125. Swofford D: PAUP Sunderland, MA: Sinauer Associates; 1998. 
126. Kumar S, Tamura K, Jakobsen IB, Nei M: MEGA2: Molecular Evo-
lutionary Genetics Analysis Software.  Bioinformatics 2001,
17:1244-1245.
127. Chenna R, Sugawara H, Koike T, Lopez R, Gibson TJ, Higgins DG,
Thompson JD: Multiple sequence alignment with the Clustal
series of programs.  Nucleic Acids Res 2003, 31:3497-3500.
128. Felsenstein J: PHYLIP (Phylogeny Inference Package) version 3.6 Depart-
ment of Genome Sciences, University of Washington, Seattle USA;
2004. 
129. Kelley LA, MacCallum RM, Sternberg MJ: Enhanced genome anno-
tation using structural profiles in the program 3D-PSSM.  J
Mol Biol 2000, 299:499-520.
130. Zheng N, Wang P, Jeffrey PD, Pavletich NP: Structure of a c-Cbl-
UbcH7 complex: RING domain function in ubiquitin-protein
ligases.  Cell 2000, 102:533-539.
131. Hamilton KS, Ellison MJ, Barber KR, Williams RS, Huzil JT, McKenna
S ,  P t a k  C ,  G l o v e r  M ,  S h a w  G S :  Structure of a conjugating
enzyme-ubiquitin thiolester intermediate reveals a novel
role for the ubiquitin tail.  Structure (Camb) 2001, 9:897-904.